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SUMMARY

This study effort investigated normal and abnormal operating parameters of
critical-for-flight components found in a typical sophisticated airborne hydraulic
system. The basis for this investigation was to establish the gound rules necessary
to develop monitoring criteria for components used within the system.

Vehicles used as part of the study were: the A-6E, Intruder, F-14A Tomcat,
EA-6B Prowler, and E-2C Hawkeye.

Normal operating parameters were defined and proposed limits established with
respect to components, subsystem and systems. Data was obtained from available
design reports or was determined empirically.

Components considered suitable for monitoring included: reserviors, pumps,
accumulators, pneumatic bottles, shock struts, flight control actuators, desiccants,
relief valves, filters and others.

Fluid processing to determine particulate content, water and chlorine could not
be readily detected within the system, however consideration was given to provide
sampling ports at strategic locations within the system without addition of sampling

valves. This is accomplished by combining the functions of two or possibly three
components into one.

Fiber optics are utilized for color transmission from desiccators (saturation)
liquid detection in pneumatic bottles, and possibly fluid level determination in shock
struts. Two types of fiber optic materials were investigated. Minimum bend radius
and repair methods were considered.

In areas where remote sensors could not be added to some compnents, subsys-
tem modification was necessary to include these units.

A small simple ground accessable display model utilizing light emmitting diodes
and fiber optics evolved. Two circuits (circuit test and system test) comprise the dis-
play panel. Circuit test verifies display integrity while system test verifies com-
ponents subsystem and sensor integrity.

Recommendations were made for further system integration and effort.

g R R RESEAE VI






TABLE OF CONTENTS

Section Page
1= INGROBUETION [ . 0@ & & 9 ¢ 9 6 EElE 29966 alarw s 1
2 - TECHNICALDISCUSSION . « v v v ¢« ¢ ¢ o s o o s o o o o o o o4 3

2.1 Typical Aircraft Hydraulic System Description . . . . . . . . 3

2.1.1 Abnormal Operation . . . . ¢« ¢ ¢« ¢« « ¢« & ¢ ¢ o«
2.1.2 Abnormal Operation with Major Internal Leak ., . . .

2.2 Hydraulic System Operating Parameters and Monitoring
Criteria . . . . & v o v i i s i e e e e e e e e e e e e

2.3 Components Monitored . . . . . . . . . . v + ¢ o o o ¢ o 8 Z
2,3.1 Pumps . o o o o (G o @ o & @ o s oW 66 s 5 006G ﬁ
2.3.2 Hydraulic Line Filters . . . . . . . . . « . . .. 14 %
2.3.3 Reservoir Level Sensing . . . . . « « « ¢ ¢ « 4 & 18 f
2,3.4 Accumulators . . . ¢ . v ¢ 4 0 0 4 b 00000 29 q
2.3.5 Gear Shock Struts . . . . « ¢ « ¢ ¢« ¢« 4 0 0 00 34 §

2.3.5.1 Strut Displacement . . . . . . . . . .. 34 i
2.3.5.2 Strut Displacement Curve . . . . . . . . 37 §
2.3.5.3 Strut Liquid Level Measurements . . . . . 37 3
2.3.5.4 FiberOptes . . « » + v v+ v o o . .. 38
2.3.5.5 Capacitance Type Probe . . . . . . . . . 38 i
2,3.5.6 Mass Measurement and Pressure Rise . . 38 E

2.3.5.7 MagneticCoupling . . . . . . . .. .. 39

2.3.5.8 UltrasonicS. . « « + v v ¢ « o ¢ o « o & 39 ﬂg
2.3.6 Pneumatic Bottles . . . . . . . . . . ... 39
2.3.7 Chemical DrYer . . o ¢ & 0 ¢ 0 &« & w 0« 5 @ o 42
2.4 Sensors and Readout . . . . . . . S 1E NG N R e R e RS 43
2.4.1 Fluid Processing. . . . . MANABE B 58 Id s B J 43
2.4.1.1 Fluid Contamination Levels . . . . . . . 43
2.4,1.2 Vapor Liquid Phase Detection . . . . .. 45

2.4.1.,3 Effect of Water and Water + Freon in
MIL-H-5606 on 1100 Series Low Carbon
Steel . . 5 5 . 5o 5 o e e e e e s 50

2.4,1,4 Chlorine Detection Methods . . . . . . . 51

Vil



A A Y A 025G o BT A LA MMt o IS B

TABLE OF CONTENTS (Cont)

Section
2.4.2 Sampling Valves . . . « « ¢« ¢ ¢« ¢ ¢ ¢« o o o o o &
2.4.3 FiberOptics . . + « ¢ v ¢ ¢ ¢ ¢ o o ¢ o o o o o &
2.4.4. Fluid Detection in Pneumatic Bottles . . . . . . . .
2.4.5 Quiescent Flow Sensors. . . + « + s o o o s o o
2.4.6 Elapsed Time Meters. . . « « « « o + o« s o o + &
2.4.7 Thermal Limit Sensors . . . . « . ¢« + v ¢« « « o &
2.4.7.1 Pump Case Drain Flow Temperature
2.4.7.2 Hydraulic Backup Package Temperature
Switch . . . .. .. .. ..
2.4.7.3 Spoiler Hydraulic Package Over-Temperature
Sensor. . . .. . O KMD O Olol o d Q& g
2.4.7.4 Main Relief Valve Temperature Sensor . .
2.5 HYCOS Display (Readout) . . . . . TR B BN ol A E EE Rl

3 - CONCLUSIONS

4 - RECOMMENDATIONS . . .

5 - REFERENCES + « « & . .

I

Page
56
56
62
64
68
69
70

71

71
71
71

85
87
89



TSNS S t——

LIST OF FIGURES

3
.‘\
i/
|1
i
4
‘3
W

Figure _lig._e.
1 Combined System Block Diagram . . . . . . . « . . « « . . 4 g
2 Flight System Block Diagram . . . . + ¢ « ¢« o« ¢ o ¢ o 4« o & 4 i
3 Hydraulic Pump (Normal Operation) . . . . . . . . . . . . . 5 §
4 Hydraulic Pump (Abnormal Operation) . . . . B A ® okl 6 %
5 Hydraulic Pump (Abnormal Operation with Leak) . . . . . . . 7 g
6 PumpCaseFlowvs Life . . .« « ¢« ¢« ¢« v v ¢ o o o o o o o s 12 §
7 Pump Case Flow vs Discharge Flow 25gpm). . . . . . . . . 13 3
8 Pump Case Flow vs Discharge Flow 84gpm). . . . . . . . . 13
9 Viscosity vs Temperature (MIL-H-5606) . . . . . . . . . . . 15
10 Filter Differential vs Temperature at Constant Flow . . . . . 15 ;
11 Dirt Holding Curve as Affected by Temperature. . . . . . . . 17 b
12 Ideal DHC CUrVE« « o ¢ s « ¢ o ¢ o s o o o o o s o o o o & 17
13 ACtusl DHCCUIVE + + & v v 4 v o v v o o v v e o o w v, 18 !
14 Pneumatic Pressurized Reservoir . . . . . . . . . . . . . 19 f
15 Bootstrap Pressurized Reservoir . . . . . . . « « . « . . . 21 ;
16 MIL-H-5606 Volume Change vs Temperature . . . . . « « « & 23 H
17 Rotary Potentiometer Reservoir Level Sensor: Method 1 . . . 25 4
18 Linear Potentiometer Reservoir Level Sensor: Method 2 . . . 25 ;
19 Limit Switch Type Indicators: Method 3 . . . . . . . . . .. 26 4
20 Reed Type Limit Switches; Method4. . . . . . . . . . . . . 26 g
21 Hall Effect Sensor: Method 5 . . . « + « + ¢ & ¢ o o o « o & 26
22 Fiber Optics Sensor: Method 6 . . + . « o o v o o« o o o . . 21
23 Fiber Optics Sensor: Method 7 . . . . « . ¢« ¢« ¢« « ¢« « « « & 27 i
24 Fiber Optics Sensor; Method 8 . . . . . . . . . «. . « « o« . 27
25 Fiber Optics Sensor: Method 9 . . . . . . ¢« « ¢« ¢« « ¢« « o & 27
26 Typical Reservoir Level Sensing Iogic . . . . . « « ¢« « « 28
27 Temperature Compensated Switch . . . . . . . . . . . .. 31
28 Precharge Variation as a Function of Temperature . . . . . . 32
29 Piston Displacement for a 50 in. 3 Accumulator vs System
PTESSUr e Mo b K N It SRSl B S N e e 33
30 A-6 Main Gear Shock Strut Pressure vs Strut Displacement . . 35

i X



ey

Figure

31
32
33
34
35
36
37
38
39
40

41
42
43
44
45
46
47
48
49
50
51

52
53
54
55
56
o7
58
59

LIST OF FIGURES (Cont)

Pressure vs Displacement Variation. . . . . . . . . . . . .
Reflected Light Strut Displacement Concept . . . . . . . . .
Rotary Potentiometer Displacement Concept . . . . . . . . .
Shock Strut Pressure/Level Concept. . . . . e e e e e e
Pressure vs Temperature Variation . . . . . . . . . . . . .
Temperature Compensated Pressure Switch (Concept) . . . . .
Temperature Compensated Pressure Switch (NEN-DYNE) . . .

Desiccant Saturation Monitor . . . . . . . . . . . . . . ..
HIAC Model PC-120 Contamination Monitor ., . . . . . . . .
Millipore Microspan Unit under Development for Ground Support
Applications . . . . . . . . 0 0 e e e e e e e e e e e e
IKOR Model 600 Vapor Liquid Meter . . . . . . « « . . . . .
Vapor Liquid Meter Lab Demonstration . . . . . . . . . ..
Influence of Moisture on Dielectric Strength . . . . . . . . .
Hydraulic Fluid Properties . . . . . . . « + + ¢« v « v o « &
1100 Series Low Carbon Steel . . . . . . + ¢ ¢« ¢« ¢ v o+ «

Aircraft Porous Media AD-A516-2 Multicator . . . . . . . .
Light Path through Fiber and Optical Fiber . . . . . . . . .
Schematic of an American Optical Fiberscope. . . . . .

Spectral Transmission vs Wavelengthat 4 Feet . . . . . . . .
Liquid Sensing in Pneumatic Bottle ((oncept) . . . . . . . . .

Quiescent Flow Determination Limits (No Power Demanrd on
System) L] * L] L] [ ] L] [ ] * L] [ ] L] e L ] e . . [ ] . L] » [ ] L] [ ] L] L] L]

Aircraft Porous Media . . . . . . . . ¢ ¢« v v v v 0 0 0w
Pressure Ioss Comparison. . . . « + ¢ ¢ v 4 o o o o o o o
The Arkwin Quiescent Flowmeter - Model 7TA204 . . . . . . .
Military Specificationsand Data. . . . . . . . . . . . . ..
Thermal SwitchConcept . . . . . ¢ « v ¢ v ¢ ¢ ¢ v o & o &
Plot of Heat Generated vs DP at Various Flows . . . . . . . .
HYCOS Display (Readout) . . . . ¢« « v « ¢ ¢« ¢« ¢« o o o o « &
HYCOS Display (Readout) . . . . . « +« v v ¢ ¢ v o ¢« o« o o«
X

Page
35
36
36
37
40
41
42
43
44

45
46
47
49
53
53
57
58
59
62
63

64
66
67
68
69
70
72
74
75



LIST OF FIGURES (Cont)

Figure _Pﬂg :
60 HYCOS Display (Readout) . . . . . « . « « ¢ ¢ ¢ ¢« ¢ o ¢ ¢ 76
61 HYCOS Display (Readout) . . . . . . « . ¢« v « ¢ o ¢ o o ¢ & (A
62 HYCOS Display (Readout) . . . + + & o o & ¢ o ¢ o ¢ o o o & 78
63 HYCOS Display (Readout) . . . . « « « v s ¢ o ¢ o o s o o« & 79
64 HYCOS Display (Readout) . . . . . . v v ¢« ¢ v o o o o o ¢ 80
65 HYCOS Display (Readout) . . . + + &+ o v ¢ ¢ v o ¢ o o o o 81
66 HYCOS Display (Readout) . . . . . « & ¢« « ¢ ¢ o o ¢ ¢ o o« 82
67 HYCOS Display (Readout) . . . . ¢« v « v o o o o o o s o o 83

X/



Table

W W =13 O O = WO N

e e ek
W N = O

LIST OF TABLES

System Operating Parameters

Areas of Sensor Investigat'un . . .

System Components Suitable for Monitoring

System Component Limits . . . .
Hydraulic Reservoir Tabulation .
Reservoir Level Sensing Options .

o« o o o @

Hydraulic Accumulators (Compilation) . . . .

Pneumatic Bottles . . . . . . S e e
Hydraulic Fluids. . . . . . . ol dl a1 dl a9 G
Solvents . ... ... .. ..
Fiber Optic Properties. . . . . . . . .

Quiescent Flow Leakage Rates . . . .

Thermal Limit Switch Applications
HYCOS Sequence of Operation. . .

J(//'

10
11
22
23
29
40
49
52

61
66

72
84

RO

-
e

i e A Bl



1-INTRODUCTION

The intent of HYCOS was to study an onboard ground readout hydraulic check
out system. Usage of this system was directed primarily to maintenance person-
nel ir an attempt to minimize down time and simplify system interrogation to a go/no
go determination.

The system does not nullify the already apparent mechanical readouts which
were initially in the system. In fact, it supplements them by providing an electrical
readout at the display panel.

The second function HYCOS serves is as a quality assurance tool since the main-

tenance functions must be performed and/or the mechanical indicators reset before
the display corrects itself. The display indication cannot be electronically reset.

Indication of a malfunction or out-of-limit conditions is by means of Light
Emitting Diodes (LED). These versatile. low power demand units are used extensively
on the readout panel. They only indicate during the test check and when the system

test button is pressed.
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2-TECHNICAL DISCUSSION

2.1 TYPICAL AIRCRAFT HYDRAULIC SYSTEM DESCRIPTION

BT 5

The typical aircraft hydraulic system is designed in accordance with MIL-H-
5440 and MIL-H-8775, which define the basic requirements. (Ref. 1&2)

- R

Two completely independent 3000 psi closed loop Type I or Type II systems are
used. The systems are not fluid interconnected although there may be power transfer

from one system to another during emergency conditions. 5

Normally, both systems operate continuously through engine driven pumps with ¢
each system supplying partial power for operation of the primary flight control sur-
faces. Either system, however, is capable of operating the primary flight control
surfaces should one system fail. Single or parallel variable delivery pressure-com-

pensated hydraulic pumps are usually used on aircraft systems.

To illustrate the interface of a typical hydraulic system, a simple schematic
blnck diagram is shown in Figures 1 and 2.

Hydraulic power generation is usually established at approximately 3000 psi
for most systems. Pressure is generated by variable delivery pumps which com-
pensate for system demand by increased pump piston stroking. With no system de-
mand, the system pressure remains at 3000 psi and the pump only develops enough
flow to compensate for svstem leakage.

When control inputs are fed to the flight control actuators (such as the rudder,
stabilizer or flaperon) they respond in relation to the input signal. The actuator de-
mand causes the pump to stroke in an attempt to maintain constant system pressure.
The pump will usually maintain this pressure until the system demand exceeds the
capability of the pump and storage devices, at which point system pressure will
drop off until an energy equilibrium is reached.

To satisfy transient demands beyond the immediate capability of pump response,

accumulators are sometimes used to handle momentary peak load requirements.
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System pressure generating units are sized to handle peak demands during the entire
flight spectrum. When the system has no demand there is an internal system leakage

which is not utilized in aircraft operation. This system leakage can vary from

e 1.7% to 5.3% on A-6 attack aircraft
e 3.5% to 7.0% on F-14A fighter aircraft.

System leakage or quiescent flow is an indicator of system efficiency (ES). System
efficiency is dependent on the allowable system internal leakage of each component
which is on the line during the various phases or modes of aircraft operation.

When a component develops a potential of partial failure and that component cannot

be isolated from the pressure source, the leakage through this component increases
depending on the failure mode. Since the pump is pressure-compensated it automa-
tically adjusts to the increased demand. By mere pressure gage observation, it
would be impossible to ¢..cermine this abnormal condition. Should the system leakage
approach the pump capability, ihen momentary fluctuations in the system pressure
gage would become evident during normal cockpit checkout.

2.1.1 Abnormal Operation

At idle condition (Figure 3) the pump s capable of handling normal leakage up to
the pump capability limits at that speed. Should an abnormal condition exist, such as
a major leak across a piston or shutoff valve, the quiescent flow would increase from
the normal condition but the pump output would still be adequate at idle (Figure 4).

Miltary
T.O.

Quiescent flow
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Pump output, gpm

Quiescent flow

Engine, rp Increasing ————-pp-

Figure 3. Hydraulic pump (normal operation).
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Figure 4. Hydraulic pump (abnormal operation).

2.1.2 Abnormal Operation with Major Internal Leak

Figure 5 shows that at idle the pump is not capable of maintaining full system
pressure due to high internal system leakage. The resultant effect would be system
pressure fluctuation or lower than normal system pressure. These curves represent

conditions at idle with no system component demand.

It becomes evident that under conditions with no system demand it is possible to
determine the relative health of the system independent of the initial design param-
eters and the number of components on the line at the time.

2.2 HYDRAULIC SYSTEM OPERATING PARAMETERS AND MONITORING CRITERIA

Normal and abnormal operating parameters of critical-for-flight components
must first be established in order to properly design a hydraulic check out system.

Normal conditions are defined as those for which the system was designed over
its useful operating pressures, temperature ard flow ranges. When limits exceed
maximum allowable values, they indicate that the component or subsystem is operat-
ing beyond its norm. In the majority of instances, this indication can point to a de-
gradation of system performance and/or total system failure. The selection of out-
of-1imit conditions is an important and crucial one which is derived from theoretical
and empirical data on that particular component or subsystem. In some cases more
than one parameter exceeds its previously defined limits indicating that a specific

failure mode is in process.
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Figure 5, Hydraulic pump (sbnormal operation with leak),

Individual failure modes can sometimes relate to a degraded system operation
that does not directly affect flight safety or mission completion. Fluid power systems

may be broken down into three major categories:

e DPower Generation
- Engine driven pumps
- Electric motor driven pumps

- Transfer pumps.

o Power Processing and Transmission

Reservoirs

Valves
Filters

Accumulators

e Fluid condition determination

- Water
- Particulate Matter
- Chlorine

o Relief valve fluid flow temperature

® Actuators
o Miscellaneous

- Pneumatic bottle pressure

- Gear strut pressure



- Dessicant saturation

- Over-temperature, back-up package

- Over-temperature, spoiler and high lift package
-~ Water/oil detection in pneumatic bottles

- Elapsed-time meters.

Table 1 shows some of the major system operating parameters and those vari-
ables which affect performance. They are general {n nature and will be covered in
more detail later in the report. Table 2 depicts the principal methods investigated
in the sensor area. This is by no means complete.

Four Grumman aircraft in production were selected to determine which compo-
nents were suitable for "HYCOS'" monitoring. Since the vehicles differ somewhat in
design approach and time period there is a small disparity between the various sys-
tems. 'Table 3 shows this compilation. In addition, the basic study investigated
each specific aircraft system and components in an effort to determine current oper-
ating limits in those areas previously covered and recommended suitable for monitor-

ing. Table 4 shows this listing.
2.3 COMPONENTS MONITORED

2.3.1 Pumps

A hydraulic pump is perhaps one of the most important components in a hydraulic
system and as such, its condition should be carefully monitored. One way of accom-
plishing this is by noting it's case drain flow. Increased pump case flow is an indica-
tion of pump degradation and reduction of overall efficiency. Case flow conditions at
idle are usually higher than those at full flow condition. Therefore, no flow or low
flow conditions can be used to determine pump degradation as a function of pump op-

erating time. Figure 6 shows a typical variation of hydraulic pump case flow versus
pump life hours at various system demands. Since the no flow condition could only

be obtained by completely blocking the pump outlet port (0 discharge flow) the actual
case flow will follow a representative line in the vicinity of the no flow curve (extra-

polated).
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TABLE 1. SYSTEM OPFRATING PARAMETERS

Pumps

Discharge & case flow
Case fluid temperature
Discharge pressure
Case fluid debris

Flight controls

Quiescent flow
Differential displacement

Reservoir Levei, fluid temperature
Air, pressure
Filters Differential pressure

Flow, temperature

Fluid condition

Cleanliness level, water,
Chlorine

Landing gear struts

Pressurs, level

System relief valve

Temperature

Accumulator

Pneumatic precharge
Piston displacement

System Quiescent flow, elapsed
time
Pneumatic Pressure, temperature

TABLE 2. AREAS OF SENSOR INVESTIGATION

Pressure

Temperature

Flow

Level

Differential displacement

Dessicant saturation
Fluids

Pressure switches

Pressure switches, temperature compensated
Pressure transducers

Pressures differential, switches

Thermal switches
Thermal transducers

Quiescent
® Orifice
® Venturi

Potentiometer
Limit switches
Hall effect sensors
Fiber optics
Capacitance

Potentiometer
® Linear
@ Rotary

Color
Sampling valves
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TABLE 3. SYSTEM COMPONENTS SUITABLE FOR MONITORING

Code A.GE F-14 E-2C EA-68
O Hydraulic Reservoirs
L&T - Air oil ] °
L&T - Bootstrap ° )
L -~ Backup System ) °
o Filters
P&AP ~ Pressure )] ) ° °
P&AP — Return ] ° ° ]
P, AP&T ~ Pump case drain . . [ ]
2 Accumulators
PC — Brake . ° ° )
PC — Ram air tuibine ] °
PC — Canopy )
PC ~ Main System ) ° ° [}
< Pneumatic Bottles
P -- Canopy o L4 o
P ~ Landing gear . ) ° °
P —~ Door ] ° ° °
P — Tail Hook (Dashpot} ) ™ ° .
1 Shock struts
PC&L — Nose Gear (] ° ° °
PC&L -~ Main Gear ) ° ° °
+ Hydraulic pumps
k F&T —~ Case drain (flow) . ° ° °
A QF — Pressure, flow (quiescent) ° ° . °
'g P — Inlet {Pressure) ° [ ° °
3 Flight controls
i D.D.&QF - Rudder actuator . o’ . °
D.D.&QF — Stabilizer Actuator ] o . .
A D.D.&QF ~ Flaperon actuator o [ ° °
tﬁf D.D - fontrol column (] ) °
; © Pneumatic dessicant
S. —~ Moisture (saturation) ° °
i« B
> Hydraulic backup package
4 T — Over Temperature °
© Spoiler system & highlift
backup package
] T — Over temperature °
-+ Elapsed time meter
H. — System operational hours [ ° ) °
— Flight Duration L] ° ® ]
¢ Fluid sampling
FS — Particulate matter (] ° ) ®
{cleanliness level)
- Water [} ° ® °
— Chlorine content o ° ° o
© Pneumatic bottles
M —~ Liquid Content ® [ ° )
o Relief valve
N — Over temperature [ ® ® °
Legend
L Indicates level DD Indicates differential displacement
P Indicates pressure S Indicates mositure saturation
AP Indicates differential pressure T Indicates over temperature
PC Indicates precharge pressure H Indicates hours & tenths
F Indicates flow M Indicates mixture H20/0il in pneumatic bottles
£ QF Indicates quiescent flow FS Indicates fluid sampling
¥ ‘  QFonly

é 1




TABLE 4. SYSTEM COMPONENT LIMITS #
A8 | Ea6B | . "ﬁ S ke ;
Accumulator, precharge, psi Fhight Combuned Fhight Combined Fit  Combined Brake Fit  Combined Brake 4':
® Normal 2000+5C 2000+50 2000+50 000+50 2000 2000 800 1800 1800 950 p:
® Abnormal <1700 <1700 A
1900 >1900 3
i e it _.r_. U S — - - - ‘(
Brake RAT Brake RAT Bootstrap .
® Normal 800¢50 500¢50 800+50 50050 1800 b4
® Abnormal %
. Aux Aux "
Pneumatic botllg, psi Landing gear Canopy Canopy  Canopy LG LG Canopy Canopy L.G. 4
® Normal at 70°F 2450 2450 3000 3000 3000 3000 3000 3000 3000 %
® Abnormal <1000 <500 <2000 4
Fluid condition cleanhiness level ) ] 2
® Normal Navy CL5, NAS 1638 CL8 ]
® Abnormal .+than above ‘3
Water content, ppm
® Normal <300 -.300 - 300 100 200 PPM by vol
® Abnormat .~300 300 +300 7200 FPM by vo!
Chlorine content, ppm 3
® Normal non-specified non-specified non-specified non-specified
® Normal
® Abnormal p, |
& Normal b Limibes ' ¢
® Abnormal - \
Quiescent flow system, gpm Combined tlight ]
® Normat 05 -15 05 15 unknown uptoB% uptod%
rated flow rated pump flow Y
® Abnormal unknown ~10% 2B% u
T &
Relief valve {(main, psi) *
® Normal 3560 3560 3785 at 32 ygpm 3750 at 84 gpm 4
® Abnormal Iy 3560 3560 3560 psi
Main gear strut T pressure level pressure level pressure level pressure level 3
® Normal | 1125 psi | 979 ps
® Abnormal . *15% Normal ]
Sy AN e o o diihicnbin S S S
Nose gear strut pressure level pressute level pressure level pressure level -4
® Normal 350 ps 500 ps 1300 psi 3
| 0 15_% Normal ‘1
Pressure System, pst f o
® Normal 3000 3000 3000 3000 3100
® Abnormal Below 2250 Below 2250 Below 2250 3200 4
Temp system ( F), reservoir Flight Combined Firght Combined | Flhight Combined :Q
® Normal <187 - 190 - 187 -+ 190 - 206 F - 208 F -65 Fto 215 F A
® Abnormal 187 1190 -187 190 206 F -208 F »215'F
Pump - case flow, gpm T Flyht  Comhined ST g
® Normal 13 25 3% 4
® Abnormal 4 gpm
Case flow fiurd temp, 'F Fiight  Combined :
® Normal 225 263 225 263 244 myx 275+ 10 F
® Abnoimal 25 263 228 263 244 290 F
Filters, A psy
® Normal <70+ 10 7010 <7010 70+ 10 W
& Abnormal >80 °-80 -80 -80 &
Reservoir — Flight Combuned Flight Combimed | Flight Combined Flight Combined
® Level — normal 097qgal 4%, gal 0.74ga  334qal 1255 257
abnormal 0.61qgal 300gal 1063 223
® Pressure — normal, psi 40+ 1 39 415507 40 psi 105 105
abnormal ~45 - 35 45 psr
Moisture, desiccant T o . T
® Normal No indicator NG e No wndicator, None
® Abnormal {saturated) replace, diyes
every 75 fhght hirs
.,
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Pump case drain flow, gpm

0%
0%
aor 0%
rated
0%
0%
100%
1.6
Typical variation of
hydraulic pump case
flow vs pump life at
various system demsnds
o Pump rpm — constant
®  Fluid temperature - constant
Full flow
| 1 1 1 L 1 L 1 | | 1 | | 1 ]
0 500 1000 15000

Pump time, hours

Figure 6. Pump case flow vs life.

For example, at 1000 hours, the pump case flow varies between 1.7 and 1.8
gpm depending on the pump discharge flow at no demand conditions. Assuming the
quiescent leakage is maximum, which is approximately 43% of the output, the pump
case flow would be in the vicinity of 1.06 gpm after 1000 hours.

Two additional case drain flow curves are shown. The values are plotted
against discharge flow. It becomes evident that the shape of the curves differ. What
is of interest {s the maximum value achieved. Figure 7 shows the variatior of an
E-2C combined hydraulic pump. For the F-14 hydraulic pump the case drain flow
actually decreases as the discharge flow increases. See Figure 8.

12



Case drain flow, gpm
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Case drein flow, gpm

ABEX AP 10V

1.6
pm ~ 37680 — pressure 3000 psi
g Fluid inlet— 235.F
case — 265°F
Post sndurance
o callbration
1.0 —\ \ /
-
Pre-endurance
B calibration
05 |
0 " 1 n i 1 )
0 5 10 15 20 25 30

Discharge tlow, gpm
Figure 7. Pump case flow vs discharge flow (25 gpm).

3
Post endurance
calibration
L i
~ ~ f
S
\ e ———
\
o Pre-endurance
calibration
3
%
ABEX AP27V 3
Variable volume pump
case drain flow vs
d.scharge flow ¥
- rpm 5650 — pressure 3000 psi g
fluid inlet — 240°F i
case _ — 265°F
3
i 1 1 | 1 i L d ] 4
10 20 30 40 60 80 70 80 90 !

Discharge flow, gpm
Figure 8. Pump case flow vs discharge flow (84 gpm).
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2.3.2 Hydraulic Line Filters

In order to protect components within the hydraulic system, filter requirements
are specified by MIL-H-5440. For Naval aircraft, 5 micron disposable units per
MIL-F-8815 are utilized. (Ref. 3) These disposable units are of the high differen-
tial (3000 psid collapse) type which are used in both the pressure and return por-
tions of the hydraulic circuit. These filters, when properly installed, tend to keep
the system fluid cleanliness level better than Class 4 of NAS 1638.

As a minimum, non-bypass line type filters are installed in the pressure line
so that all the fluid from the aircraft pump and ground test equipment is filtered
before reaching any major component. Return the line filters, with bypass valves
are used to filter all the fluid entering the return circuit prior to entering the pump
suction line and reservior. Pump case drain filters are used to filter pump

internal leakage prior to entering the reservoir.

Current practice usually sizes the filters on the basis of average fluid velocity
rather than debris generating characteristics of the components and circuits. The
filters contain differential pressure indicators which indicate partially clogged units
at various points in the system. These indicators are temperature sensitive and
unlock at 35 + 15°F, 100 + 15°F, or some other specified setting depending on sys-

tem design objectives.

This temperature lock~out compensates in part for the viscous fluid changes
and prevents inadvertent indicator operation due to low initial fluid temperatures.
As the system warms up, the fluid temperature increases and the viscosity decreases

resulting in a pressure drop reduction at constant flow. Figure 9 shows viscosity
change of MIL-H-5606 versus temperature. Figure 10 shows the effect of differential

pressure at constant flow with varying temperature conditions.

Under normal conditions hydraulic system filters have a rather substantial ser-
vice life, i.e., they can run for 300 to 500 flight hours without requiring replacement.
They are designed to handle normal system contaminant generation without difficulty.
In cases where abnormal conditions exist like pump breakdowr., the filters usually
load up rather quickly during the degradation mode of the component. For example,
if a pump is deteriorating rapidly, the case drain line filter pressure-drop will build
up very quickly but only when the indicator button actuates will you have any indication
of problems in thatcircuit. There is usually no prior warning that a deteriorating

pump condition exists.
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Figure 9. Viscosity vs temperature (MIL-H-5606).
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Recent design trends tend to consolidate components (including filters) into
modular packages, resulting in significant volume and weight savings. This approach
is more conducive to monitoring critical sensing parameters. For example, the dif-
ferential pressure indicator port provides a potential tap for:

e Remote electrical readout
e Fluid temperature
e System pressure variations

o Filter element differential pressure buildup

e System fluid cleanliness level.

In order to effectively monitor system integrity it is desirable to measure con-
taminant rate buildup taking into account temperature and flow variations. One area
where this may be done is in the pump case drain line where the flow ranges are not
as high as found in the pressure and return portions of the circuit. In order to mea-
sure rate, it is necessary to include some time base.

AP _
f.e., R -f Q) & (T)

where:
AP _
&%, rate of change
Q = flow

T = temperature
¢ = contaminant buildup

During normal contaminant buildup, the case drain filter AP/ c is very low. In ab-
normal conditions the rate would change. While it is known that the AP curve is not

linear for most filter media, compensation or allowances can be made for changes
in slope under constant flow conditions.

The effect of temperature on dirt holding capacity is shown in Figure 11. It is
desirable to select a thermal AP unlock condition as high as possible after consider-
ing the minimum subsystem operating condition.

In Figure 12 we see that the ideal contaminant curve starts from an initial
clean pressure-drop and then builds up to terminal point where a visual Ap indication

is observed.
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Figure 11. Dirt holding curve as affected by temperature.
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If Ap is plotted against unit time then it is possible to measure dp/dc as the
slope changes. With current filters this is not readily put to practice due to the con-
struction and buildup charactnristics of the filter element (See Figure 13). If a filter
element were made as a constant Ap device, then a means of detecting incremental
contaminant buildup could be more readily accomplished,

Another possible method is to utilize fiber optics to monitor pump case flow and
transmit an LED light to a densitometer type unit which is calibrated against a time
base. At a predetermined value the LED would {lluminate before Ap buttcn would
actuate, indicating an abnormal contaminant rate buildup. This approach may be
suitable for the pump case drain ljue since case flow does not vary appreciably as :

does the pressure or return line.

AP

DHC
Figure 13. Actual DHC curve.

2.3.3 Reservoir Level Sensing

Reservoirs designed in accordance to MIL-R-8931 used in modern aircraft
hydraulic systems can be categorized into two basic types. (Ref.5)

e Pneumatic pressurization

e Bootstrap pressurization,

Pneumatic pressurization (Figure 14), relies on compressed, regulated air or nitro-
gen acting on a diaphragm or piston. Reservoir pressurization is designed primarily
to prevent pump cavitation during system demand transients which can be disasterous.
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Regulated pressures of 40 to 100 psi are commonly used depending on the location of
the reservoir in relation to the hydraulic pump inlet port and the dynamic effects re-
quired to satisfy the pump Inlet conditions over its design operating range.

Bootstrap pressurization (Figure 15), depends upon system operating pressure
working on a small diameter piston attached to the larger reservoir piston. The
reservoir pressure is a function of the ratio of diameter between the small and
large piston diameters. Some designs use an initial pressurization from a constant

pressure gas source acting on the large piston to assure proper system starting
characteristics. Once system pressure has built up, the bootstrap pressure is used
to maintain reservoir pressurization. Table 5 shows reservoir specifics used in

Grumman aircraft.

Since most Type II systems rely on separation between the energized source
and the generating source to eliminate air contact, the position of the piston is
an indication of the fluid level. However, the fluid level can be affected by
such variables as compressed entrapped air on the fluid side of the piston, system
temperature, and mode or condition of system components such as wings folded or
spread swept back, etc. As an example, listed below are additional variables which

affect the relative piston position.
e Initial fill condition
e System volume
¢ Fluid temperature
o Reservoir pressurization
e Entrained air in systeﬁ

e Dissolved air in system.

Figure 16 shows theoretical fluid thermal expansion at varying system volumes. It
becomes evident that visual indication can be in error if compensation is not given to
fluid temperature. All fluid expansion and contraction usually occurs in the hydraulic

reservoir.
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